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I. INTRODUCTION AND SUMMARY k

1L INTRODUCTION

The objectives of this contract may be summarized as
follows:

1. Determine a source model for the 1975 Pocatello |
Valley earthquake.

2. Compute the likely ground motion at the Wing V 11
Minuteman site due to the Pocatello Valley event
and determine those features of the source or
propagation path that may have caused this ground
motion to be peculiar or untypical of western
U. S. earthquakes.

3. Using synthetic seismograms for typical western
U. S. earthquakes and earth structure, determine
the important characteristics of the ground motions i
at regional distances within 200 km of these events.

4. Provide initial estimates of the similarities and {

| differences between the strong ground motions !
generated by earthquakes and large surface nuclear !

sxplosions. !

In this report we will be concerned with the first i
| objective and that portion of the second objective which
compares the source model of the Pocatello Valley earthquake
. . with other western U. S. earthquakes. A companion report
(Rodi, et al., 1979) addresses the remaining objectives with
special emphasis on the ground motion at Wing V from both
the Pocatello Valley earthquake and the 1975 Yellowstone
earthquake.

) A variety of techniques were used in order to carefully
¢ delineate the source mechanism for the initial faulting of the
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1975 Pocatello Valley earthquake. The data include after-
shock locations and observations of long period and short

period P waves. We use analytical models and a three-dimen-
sional finite difference earthquake model to compute synthetic
seismograms to match these data. We find that the Pocatello
Valley earthquake is characterized by normal faulting on a
plane dipping 39° to the west with a large left-lateral

strike slip component. This event turns out to be quite
similar in most respects to the 1971 San Fernando earthgquake
in Southern California.

1.2 SUMMARY

The technical discussion in this report is divided in-
to three sections. In Section II we use analytical models to
infer a fault model for the Pocatello Valley earthquake. As
part of this contract, ILLIAC IV computer time was provided
in order that a three-dimensional finite difference model of
faulting could be exercised. Section III is devoted to a dis-
cussion of that work and its implications for the physics of
earthquake faulting. 1In Section IV the results of the analy-
tical modeling of the Pocatello Valley earthquake and the
finite difference calculations are compared and combined to
complete our source model for the Pocatello Valley event.
Important conclusions about the nature of earthquake fault-
ing in general are also drawn.

The techniques applied in Section II to infer the
source parameters of the Pocatello Valley earthquake include
the following:

e A focal mechanisms solution is constructed from
observations of P wave first motion.

® Results from a study of the aftershock sequence
by Arabasz, et al. (1975b) were examined for
indications of the fault plane orientation.

.
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Using the Archambeau/Minster earthquake source
model (Archambeau, 1968; Minster, 1973) and
methods for computing synthetic seismograms in
layered earth models (Bache and Harkrider, 1976),
synthetic seismograms were computed for compari-
son to long and short period P wave observations.

The model parameters were varied to obtain esti-
mates for the source dimension, rupture velocity
and stress drop as well as confirming the orienta-
tion. The main diagnostic features of the obser-
vations are the waveform and frequency content of
the P and pP phases, their time delay and their
relative amplitudes.

An important conclusion of Section III is that no uni-
form stress drop, uniform rupture velocity model can simul-
taneously fit the long and short period data. If the long
period level (moment) is large enough, the synthetic short
period records are much too large -- by a factor of 3 to 5.
We were led to the same conclusion in an earlier study of the

1971 San Fernando earthquake (Bache and Barker, 1978).

To improve the fit to the data over a broad frequency
range, variable stress drop and variable rupture velocjity
effects were introduced into the analytical source model.
This is done in a rather ad hoc fashion and the results are
far from unigue. However, we claim that they are qualita-
tively correct. The new source model gives a reasonably good

fit to the long and short period data for the first 5 to 8

seconds of faulting.

The approach in Section III is entirely different. 1In
this section our main attention is to the physics of earth-
quake faulting for events like the Pocatello Valley earth-
quake. Two three-dimensional finite difference calculations
were done to simulate faulting in a uniform whole space. The
calculations were done on the ILLIAC IV computer using the
TRES computer program (Cherry, 1977). The first calculation
was for a linearly elastic medium while the second allowed
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elastic-plastic material behavior near the fault plane.

Using the method of Bache and Harkrider (1976), the results j
of both calculations were expressed in a form compatible with i
the programs for computing synthetic seismograms. The far-
field displacements and displacement spectra were studied.

The accuracy of the finite difference method was verified ;
by comparing the results to analytical and numerical solutions :
of crack problems. We find that main effect of the simple

plasticity admitted to the second calculation was less

abrupt stopping of the rupture at the edge of the fault plane.

This reduces the radiation of high frequency energy. Plastic

flow outside the fault plane increases the seismic moment.

: In Section II we develop a model for the Pocatello

Valley earthquake in terms of an analytical model for which

parameter variations are convenient. However, interpreta- !
tion of the derived parameters in terms of earthquake physics A
is difficult for any analytical model and is especially so :
for the Archambeau/Minster model which is cast in terms of
an unrealistic spherical geometry. On the other hand, the |
ILLIAC calculations of Section III are close to the most

detailed and realistic models of earthquake faulting that
are currently available. Taken together, the two can be ,
used to define the source with considerable confidence. This :
is our objective in Section 1IV.

Comparison of the finite difference and analytical

2 Apesare

models by means of synthetic seismograms appropriate for
stations observing the Pocatello Valley event support our
conclusions about earthquake faulting reached with the
analytical models. That is, we cannot simultaneously match :
the long and short period data with a single rupture veloc- g
ity/single stress drop source model. ’

Another interesting facet of the comparison is that
source directivity effects can be seen in that data. The

4
|
|




finite difference simulations are bilateral and give poorer
agreement with the short period data than the unilateral
analytical model.

Finally, we conclude that the variable rupture veloc-
ity analytical model derived in Section II is a good model
for the initial few seconds of rupture of the Pocatello
Vally earthquake. The long and short period teleseismic
records show that the source is more complex and has longer
duration. The later faulting is, however, considerably
smaller as a source of seismic waves so our Model II should
give a reasonable estimate for the peak ground motions at
the regional ranges of ultimate interest.
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II. AN ANALYTICAL SOURCE MODEL FOR THE POCATELLO
VALLEY EARTHQUAKE

2.1 INTRODUCTION

The March 28, 1975 Pocatello Valley earthquake was an
m, 6.1 event occurring near the Idaho-Utah border. Our pro-
cedure for deducing the ground motions of interest involves
two steps. First, we use available data to infer a detailed
source model for the event. Then we use this source model to-

gether with estimates for the earth structure to theoretically |
compute the ground motions of interest. This section de- |
scribes our first step; inference of the source from analyt- i
ical models. |

Previous work on the Pocatello Valley event has 4
included a thorough study of the aftershock sequence (Arabasz, |
et al., 1975b). Fault plane solutions were constructed by
A. Rogers (USGS, private communication) from the first motion
P wave observations and by Battis and Hill (1977) from far-
field surface wave spectra. We take advantage of this work
in our more detailed study.

The details of our source model are largely determined
by a comparison of synthetic and observed short period seis-
mograms at teleseismic distances; that is, at ranges greater
than 30°. These data constrain the source in the frequency
range from 0.5 to 2.0 Hz. Of course, the accuracy with
which we can constrain the source in this frequency band de-
pends on our ability to account for path effects. Unfor-
tunately, there are only a few good teleseismic recordings
of this event and this increases the range of uncertainty.

The source model we use for our synthetic seismogram
computations is the analytical relaxation model of Archambeau
(1968) and Minster (1973). This model has previously been
used to model the 1971 San Fernando earthquake (Bache and

|
4
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Barker, 1978). The analytical form is convenient for varying
the source parameters. In Section III we will describe a de-
tailed finite difference fault model for earthquake faulting
that reproduces the fault physics with much greater accuracy.
Then in Section IV we will compare the results of the finite
difference calculations with our analytical model and discuss
the implications for the Pocatello Valley event and other
western U.S. earthquakes.

2.2 FOCAL MECHANISM DETERMINATION FROM P WAVE POLARITY

Within weeks of the event, Rogers (1975) determined a
focal mechanism solution from immediately available P wave
first-motion readings. Another solution was obtained by
Battis and Hill (1977) who used surface wave spectra to esti-
mate the fault plane orientation. Arabasz, et al. (1975b)
reported on a detailed study of the aftershock sequence and
used this information to deduce the fault parameters. These
three solutions are summarized in Table 1.

Looking at the previous focal mechanism solutions and
how they were obtained, we decided to verify them by repeating
the P wave first-motion solution, adding data unavailable to
Rogers. For this purpose, first-motion readings were obtained
from the U.S. Geological Survey (USGS) (Rogers, private com-
munication) and from the California Institute of Technology
(Stewart, private communication), who also computed the lower
hemisphere location for the ray to each station. A summary
of station location, first motion, amplitude and magnitude
data is given in Table 2.

The P wave polarity data are plotted in a lower hemi-
sphere display in Figure 1. A rather well-constrained focal
mechanism is determined from the data. The orientation of
the two orthogonal best-fitting solutions is indicated on the
figure. One of these solutions is for normal faulting on a
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O DILITATIONAL FIRST MOTION

® COMPRESSIONAL FIRST MOTION

e ea—.

Solution 1 Solution 2
Strike = N1°E Strike = N 45°E
Dip = 60°E Dip = 39°w

Slip = Up 64 °N Slip = uUp 53 °N
Normal Faulting Normal Faulting

Figure 1. The lower hemisphere fault plane solution is shown
for the Pocatello Valley, Idaho earthquake of
28 March 1975.
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fault plane dipping 60° to the east with some right-lateral
strike-slip component. The second solution is for normal

faulting on a plane dipping 39° to the west with a large f
left-lateral strike-slip component. Choice between the two

must be based upon other information.

2.3 GEOLOGICAL EVIDENCE

Arabasz, et al. (1975b) reported on a detailed study
of the aftershocks associated with this event. More than
400 aftershocks were accurately located and are mapped in
Figures 2 through 5. The focal mechanisms are predominantly
for normal faulting with some strike-slip component. The
depth distribution of the aftershocks is indicated in the
cross-sections plotted in Figures 3 through 5.

The conventional wisdom in seismology is that the
aftershock distribution can be used to indicate the location
of the fault plane. We have plotted the main shock hypo-
center in Figures 3 and 4 using the epicenter location of
Arabasz, et al. (1975b) from Figure 2. The depth of 8.7 km
was deduced in the synthetic seismogram studies to be des-
cribed in later sections. It is not greatly different from
the preliminary depth determination of 5.0 km given by
Arab. sz,et al. (1975a). There may be errors in both the
depth and epicenter determinations, but the aftershock dis-
tributions on Figures 2-4 certainly support the chosen
locations. Section 2 in Figure 2 turns out to be exactly
aligned with the westerly dipping focal mechanism solution
we have called Solution 2 in Figure 1. The depth distribution
of aftershocks in this section (Figure 4) is remarkably con-
sistent with the 39°W dip of the focal mechanism solution.
The aftershock distribution can also be used to help define
the fault dimensions.

13
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Figure 2. The locations are plotted for the Pocatello Valley
earthquake and more than 400 fore and aftershocks

(reproduced from Arabasz, et al., 1975b). The
strike for Solution 2 from Figure 1 is indicated.
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Figure 4.

The depth distribution of events is shown for
Section 2. The main shock location is plotted as
in Figure 3 and the dip solutions of Figure 1 are

indicated by a solid line (reproduced from Arabasz,
gt' al., 1975b).
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Except for finite source directionality effects, there
are, of course, no differences in the seismic radiation from
the complementary solutions. Battis and Hill (1977) inverted

surface wave spectra to find complementary solutions quite

close to ours. They state a preference for a solution dipping

60° to the east because of its consistency with past seismic-
ity in the area and particularly the 1962 Cache Creek earth-
quake. But this seems a very weak argument for preferring
the east dipping solution over that dipping 39° to the west.

In summary, the aftershock distributions strongly sup-
port the fault plane solution with a 39°W dip. We will later
show results from our attempts to model the short and long
period teleseismic body waves using this orientation.

2.4 CALCULATION OF SYNTHETIC SEISMOGRAMS

If we are to use far-field ground motions to deduce
the important characteristics of the earthquake source, we
must have a source model and an accurate means for accounting
for the source-receiver travel path. We briefly describe the
the numerical methods and models used. For a more detailed
account, see Bache and Barker (1978).

The source model we are using for this event is the
Archambeau/Minster model (Archambeau, 1968; Minster, 1973).
The far-field P wave spectrum for this model has roughly the
form indicated in Figure 6. The long period lavel (ﬁo) and
corner frequency (fc) are proportional to stress drop (Ac),
fault dimension (L), rupture velocity (vr) and P wave veloc-
ity (as), as indicated. They are also radiation pattern
dependent, though much more weakly. The source model also
includes directionality effects; that is, enhanced high-fre-

quency energy in the direction of rupture propagation.
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Figure 6. A typical far-field amplitude spectrum is plotted

for the direct P wave radiated by an earthquake.
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For determining the amplitude of the source spectrum
we must account for elastic and nonelastic attenuation in the
earth. Synthetic seismograms are computed with the method
of Bache and Harkrider (1976) for embedding a complex source
representation in a plane-layered earth model. The source
region crustal model is tabulated in Table 3 (Keller, et al.,
1975), while that for the rest of the path is Model C2 of
Anderson and Hart (1976). Another important parameter is the
effective Q to account for anelastic attenuation along the
path. The short period waves are particularly sensitive to
this parameter. We approximate the effect of Q by applying
the operator (Strick, 1970)

exp {- mf t* [1 - % i &n LQ%Q]; (L)

where f is frequency and t* is the ratio of the travel time
to the effective path Q.

The procedure for deducing the source parameters from
the far-field body wave recordings includes several steps.
Given the source orientation, the P and S velocities in the
source region and a t* for the travel path, we guess values
for the other source parameters. Synthetic seismograms are
then computed and compared to the observations. The free
source parameters (Ao, VR’ L, depth) are then adjusted to
optimize the agreement.

Because of the nature of the source model, the param-
eters that are actually fixed by the procedure are Poisson's
ratio (v), Ao and the ratios L/VR, VR/S. That is, events
with the same v, L/VR, VR/B and Ao are indistinguishable.

In the sequel we will assume v is known.

e AT B A AT  e

29 COMPARISON OF SYNTHETIC AND OBSERVED SEISMOGRAMS

Comparing synthetic and observed seismograms, we have
constructed a model of the Pocatello Valley earthguake. The

22




NORTHERN WASATCH (Keller, et al., 1975)

Layer Depth Thickness ag Bs Pg
1 1.4 1.4 3.4 2.0 2.25
2 15.5 14.1 5.9 34 2.73
3 20.0 4.5 6.0 35 2.80
4 25.0 5.0 6.0 375 2.80
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model parameters were selected by trial and error to fit the
data, beginning with the geological information we have dis-
cussed.

We first consider the long period body waves. For an
event of this size the source corner frequency is well out-
side the bandpass of the long period instrument. That is,
these data are mainly sensitive to the source orientation,
depth and moment. Finite source effects such as the source
dimension and rupture velocity do not play a role.

We begin with a simple model including constant rup-
ture velocity and stress drop. This model (referred to as

Model I) is characterized by the following parameters.
MODEL I
Fault Length, L: 3 km

Rupture Velocity, V_: 3 km/sec

R
(Unilateral fault propagation toward the surface)

Stress Drop, Ac: 257 bars
Orientation: Strike N45°
Dip 39°W
b Slip Up 53°N

Of course, L and VR have no significance other than
the fact that they give the correct moment. The stress drop
is selected to bring the amplitudes of observed and synthetic
records into agreement, as we shall see. For the Archambeau/
Minster model the moment is (Minster and Suteau, 1977)

M = 1.024 L° a0 . (2)

The observed and synthetic long period body wave
seismograms .are compared in Figure 7 for four WWSSN stations
and the Canadian seismic network station RES. The agreement

24
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is good for the first 5 to 8 seconds in which the main arriv-
als are the direct P wave from the fault initiation and the
associated free surface reflections.

In Table 4 we compare the observed and synthetic
amplitudes and periods for the maximum peak-to-peak excur-
sion. The period is twice the time lag between peaks. This
comparison is done for the five stations plotted in Figure
7 and several others. The period is very difficult to measure
on the observed records and the Ty in the table may be in
error by a second or so. Recognizing this, the observed and
synthetic periods are in quite close agreement.

The amplitude ratios in Table 4 include the effect
of differing instrument amplification at the periods T, and
Tg. If we ignore the apparent period differences and assume
the instrument amplification is the same for A, and Ag, the
mean is increased by 10 percent and the standard deviation is
slightly reduced. These differences are not significant.

If the synthetic seismograms are computed with some
standard value for M,, the inferred moment is then the pro-
duct of Ap/Ag and this standard value. The inferred moment
values are also listed in Table 4. These values are, of
course, dependent on the elastic and anelastic properties
of the path model chosen. 1In this case we are using the
model C2 of Anderson and Hart (1976) and t* = 0.8. This
value is near the upper limit of values inferred from spec-
tral analysis of Basin and Range events (e.g., Der and
McElfresh), but near the lower limit of values obtained by
ananalysis employing synthetic seismograms (e.g., Bache,
et al., 1975; Burdick, 1978). Thus, it seems a reasonable
choice.
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The moment values inferred from the nine stations in

Table 4 are remarkably consistent; the standard deviation is
only 28 percent of the mean, or less if we ignore the fre-
quency dependent instrument correction. The mean value is

2.1 X 1024 dyne-cm. This is near the preliminary moment esti-
mate given by Arabasz, et al. (1975a) and is almost the same
as the value obtained by Battis and Hill (1977) from surface
waves (see Table 1l). The stress drop for Model I is Ao = 253

bars, which scales the moment of this wvalue.

Now let us direct our attention to the short period
records. These data are sensitive to rather fine details
of the source. Since the teleseismic short period records
are often quite complicated and are influenced by both path
and source details, they have not often been used to infer
source characteristics. However, we were successful in
modeling the short period records for thne San Fernando earth-
guake (Bache and Barker, 1978) and were anxious to see how
well other events could be modeled.

Synthetic short period records from Model I are com-
pared to the observed records at five teleseismic stations
in Figure 8. Synthetic seismograms also are shown for a
model we call Model II, but we will discuss these a bit later.
There are few stations where the records are clear enough
to digitize and those shown are the best of them. The main
arrivals on the synthetic are P and pP. The sP phase is
rather small for this source orientation.

Comparison of the synthetic and observed records allows
us to identify the largest phase as pP. The P wave is small
and characterized by low signal-to-noise. It is not easy
to identify and measure on the observations.

The main diagnostic features of the comparison in-
clude the waveform and frequency content of P and pP and the

28




-sTea1ajur
puooas 1 e aie syIew YOTL °II Pue ] S[9POW I0J suOTjL]S

NSSMM @ATJ e paiedwoo aie sueibowsyas OT719yjuhs pue paarasqo g 2Inbrg

A

77T 11 1daom

— }lh!hh\%/ ..(\/W S, )}.l)\.é\/\/v - T & .L/ﬂt..- o ol Salertel e .\\/\K RO -..K/A\\./\,.r.\\( .u./.\
o
(o]

. . . . . . . . . . . . . . . . . .

e L e \<r e et AP <.\</

\/)'\ \’>>\\/ S g/ Vo .‘é;)\ 7/\</\/}>\(\<P\/\»\/ ,>.>.o\) /\: \)\P/\, " ~ (7\ 3
OoLd 204 AN ovdad Sdd ejs
¢°0S g tel G°G6¢ £ LT 6 Twzy
G L 9°96 G 1S b°06S b te *asta

.”r(.\':.);)\//‘é,\,ﬂrl T 1 T1ddov

e —

T e

L



relative amplitude of the two phases. These contain infor-
mation about the fault propagation in the first few seconds
of rupture and the source radiation pattern (orientation).
The spacing between P and pP can be used to fix the depth.
Precision in this depth estimate depends on our matching the
waveform well enough to unambiguously pick the onset of the
two phases.

Comparing the observed waveforms to those from the

Model I synthetic, we see that the two are in reasonable

agreement, especially when we take the rather poor quality
of the data into account. The shape of the pP phase (which
also includes a small contribution from sP) is roughly cor- ;k
rect. The observations are, perhaps, a bit longer period
than the synthetics. It is difficult to judge how well we
have fit the waveform of the P wave since it is not very

S

clear on the records. The spacing between P and pP seems to |
be fit about as well as possible. The relative amplitude of ’

the P and pP phases are fit fairly well, though the P phase ?
| is a bit too large at several stations.

In Table 5 we compare the amplitudes of the observed

and synthetic records. The source is Model I with Ao = 253

bars; that is, the source that gave the best fit to the long |
period data. If our source fit the long and short period
data equally well, the amplitude ratios would have a mean of

uni ty.

In Table 5 we list observed/synthetic amplitude ratios
for both the P phase and the maximum phase that we have
identified as being primarily pP. We have attempted to com-
pare amplitude measurements made from corresponding portions
of the waveforms and where the measured periods are approxi-
) ; mately the same. Small bars on the synthetic records indi-

cate where the peak-to-peak amplitudes and periods were
1 measured. It is important to compare amplitudes where the
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apparent frequency content is about the same to avoid having

to make a large correction for the frequency-dependent
instrument response. This instrument correction is a rough
approximation at best, and we try to minimize its effect.

The P wave amplitude ratios in Table 4 have a mean of
0.16 while the amplitude ratios for the maximum amplitude
have a mean of 0.25. For the former the scatter is very
large with the standard deviation being 83 percent of the
mean for this small population. The maximum phase data have
much less scatter, which is probably due to this phase being
much better defined. ,

The data in Table 4 force us to the conclusion that
Model I cannot simultaneously fit the long and short period
data. When we adjust the model to have the correct moment,
the synthetic short period body waves are too large by a
factor of 4 to 6. Yet we have matched the frequency content

of the short period records reasonably well.

The only difference between the long and short period
synthetic records is in the instrument response. Both use
the same source and earth models. The discrepancy between
short and long period sources could be reduced a bit by
supposing a large t*, but this could only account for a
relatively minor adjustment.

To match the data, we need a source that has the same
long period level as Model I, but 4 to 6 times smaller ampli-
tudes in the 0.5 to 2.0 Hz range sampled by the short period
instrument. Since the frequency content of Model I is about
right, we cannot do this by merely supposing a larger source
dimension (with lower stress drop) to reduce the corner

frequency. L

In our study of the San Fernando earthquake (Bache and
Barker, 1978) we found the same kind of difficulty in
simultaneously matching long and short period data. We
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concluded that this discrepancy could only be resolved by
constructing a variable stress drop/variable rupture veloc-
ity model for the faulting. We believe the same conclusion
is warranged here.

We construct a second model for the Pocatello Valley
earthquake, Model II. Our hypothesis is that the earthquake
must have included regions of faulting with relatively low
stress drop and rupture velocity that are important for the
long period radiation, but are only weak radiators of the
high frequency radiation seen on the short-period recordings.
Many combinations of fault parameters were tried. The "best"
of these will be described. The solution is, of course, far
from unique.

The faulting for Model IT includes two regions. In
the first region the source parameters are constant and not
unlike the values for Model I. The remainder of the faulting
is characterized by a rupture velocity that decays to zero,
linearly with rupture time. 1In this region the stress drop

decays to zero, but with a cubic dependence on rupture veloc-

ity. This rapid decay of stress drop was chosen to compen-
sate for the cubic dependence of amplitude on source dimension
that is peculiar to the Archambeau/Minster model. A less
rapid decay of stress drop generated too much long period
energy in the short period synthetics. In summary, we have
the following:

MODEL II
Fault Length, L: 7 km
Rupture Velocity, VR: 3 km/sec, 0 < L < 4
(21—3L)l/2 km/sec, 4 < L < 7
Stress Drop, Ac: 46 bars, 0 < L < 4
1.7 {21=30)" " Bure; 4 € 2. 7

(unilateral fault propagation toward the surface)

3d




Depth, H: 8.7 km

Orientation: Strike N45°, Dip 39°W
Slip Up 53°N

The dependence of V_, and Ao on position along the fault is

plotted in Figure 9?
As far as the long period records are concerned,

Models I and II are essentially the same. The short period

synthetics for both models appear in Figure 8. The Model

II records are clearly longer period and are missing some

of the high frequency detail exhibited in the Model I records.

As far as the major phases are concerned, the P and pP, the

Model II records seem preferable at some stations while at

others no advantage is apparent with either model. Another

attractive feature of Model II is that its dimension is more

consistent with the size of the region defined by the after-

shock locations (Figures 2 through 4). Perhaps a better

model could be found somewhere between the two; they seem

to span a range of desirable models.

The amplitude data for Model II are tabulated in Table
6 in the same format as the Model I data in Table 5. We see
that the amplitude ratios are 2 to 3 times larger for Model
II than they were for Model I. While this model has the cor-
rect long period level, the synthetic short period records
are still, on the average, about a factor of two, larger
than the observations. It may be that this is as close as
it is reasonable to get, given the many errors inherent in

the procedure and the relatively poor quality of the data.

Attempts to improve the agreement must focus on con-
structing a source that has an even larger region that con-
tributes to the long period energy without substantially
altering the short periods. This is difficult because the
long period level is constrained by data at periods that
are not all that long; five or six seconds. Also, the short
period waveforms for Model II are already too long period.
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Figure 9. Rupture Velocity Vg and stress drop A0 versus

position on the fault for Model II are shown.

% Values are normalized to their initial values,
f VRo=3 km/sec and Aoo= 46 bars.
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Another interesting and potentially important aspect

of these data is that they show evidence of a small precursor
event a second or so before the main event. On the original
Develocorder records for each of the five stations studied
there is a small arrival just before the main P arrival. Un-
fortunately, our digitization is too poor to see this very
clearly in the Figure 8 plots, though it can be discerned on
the RES, DAG and PTO playouts. The sharp break in the wave-
form between the major P and pP arrivals is consistent in
amplitude and time with a pP from such a precursor event at
roughly the same depth and orientation as the main event.
This event appears to be about 20 percent as large as the
main event at 1 to 2 Hz and to be at approximately the same
depth and orientation. The time lag of from 1 to 1.5 seconds

could be a result of both spatial and temporal separation.

2.6 CONCLUSIONS

We first summarize the way we have developed our model
for the 1975 Pocatello Valley earthquake. We have a rather
well-constrained focal mechanism solution for the event.
Choice between the two original solutions was made on the
basis of the depth distribution of aftershock locations de-
termired by Arabasz, et al. (1975b). Thus, we began our syn-
thetic seismogram studies with considerable confidence in our

knowledge of the fault orientation, strike, dip and slip.

The long period P waves are sensitive to the fault
orientation, focal depth and moment. The orientation and
depth control the waveform while the moment controls the
amplitude. Our model fits the first 5 to 8 seconds of the
long period observations (Figure 7). The moment we infer is
essentially the same as that obtained by independent investi-
gation using other data. Later phases on the long period
records are evidence for the complexity of the faulting
after the first several seconds.
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The main phases on the short period observations are
the direct P from fault initiation and the associated pP.
The sP phase is small for this fault orientation. These
data are not of good quality and it is difficult to make
detailed comparisons between observed and synthetic records.
The main diagnostic features are the waveform and frequency
content of the P and pP phases, their spacing and their
relative amplitudes.

We construct Model I, a single rupture velocity,
single stress drop model for the earthquake that gives a
good qualitative fit to the observations (Figure 8). One
discrepancy is that the synthetics appear to be a bit too
short period. However, if this source is to have the right
moment (inferred from the long period data), the synthetic
short period records are much too large--a factor of 3 to 5.
We see no way to resolve this discrepancy except to suppose
that the event includes regions that contribute to the long
period level without substantially adding to the short period
radiation. That is, we need a variable stress drop, variable
rupture velocity, model.

We construct Model II which begins like Model I, then
moves into a region where the stress drop and rupture veloc-
ity decay to zero. This model substantially reduces the
discrepancy between the source amplitudes inferred from the
long and short period data. The main problem with Model II
is that in decreasing the short period amplitude, we have
made the synthetic seismograms too long period. That is, the
variable rupture velocity, variable stress drop effects are
still not strong enough to give an ideal fit to the data.
However, given the rather large errors inherent in the proce-
dure, especially in comparing amplitudes at periods where the
frequency-dependent instrument response is rapidly changing,
Model II can be said to give a reasonably good fit to both
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the long and short period data. The fit could, probably, be
improved but an improved model must have roughly the same
variable stress drop, variable rupture velocity character as
our Model II.

The stress drop at initiation of Model II is 45 bars.
This compares to the value of 206 bars found with the same
methods for the 1971 San Fernando earthquake (Bache and
Barker, 1978). In our discussion of that event we point out
that the Archambeau/Minster source model consistently under-
estimates the stress drop by a factor of about 3.6. Thus, we
prefer to estimate the actual stress drop for the initial
faulting to be about 162 bars. In any case, this is a factor

of 4-1/2 smaller than the San Fernando stress drop estimate.

The meaning of this stress drop difference is diffi-
cult to assess and requires further thought. It is fair to
say that all stress drop estimates are "average" estimates
in some sense. It may be that the Pocatello Valley event
includes smaller regions with substantially higher stress
drop that are not resolvable with the data at hand. Still,
we feel confident that the difference is qualitatively cor-
rect and that the Pocatello Valley earthquake was a lower
stress drop event.

In the next section we discuss an entirely different
method for computing the earthquake source. This is by three-
dimensional finite difference modeling of stress relaxation

on a fault plane.
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III. THREE-DIMENSIONAL FINITE DIFFERENCE EARTHQUAKE
MODEL

3.1 INTRODUCTION

A three-dimensional finite difference model (TRES) for
earthquake faulting (Cherry, 1977) has been made operational
on the parallel processing ILLIAC IV computer. As part of
this contract, ILLIAC IV computer time was provided to model
earthquake faulting with particular attention to the Pocatello
Valley event. In this section we present the results of our
earthquake modeling with the ILLIAC program.

While the TRES algorithm is quite flexible in the al-
lowed specification of geometry and material behavior, the
version currently operational on the ILLIAC is gquite restricted.
(The allowed fault plane geometry is shown in Figure 11.) The

%
faulting must be bilateral; in fact, it must nucleate from a i
point and propagate with circular symmetry until reaching the [
edges of a rectangular fault plane. There are no material
boundaries other than the fault plane; that is, the calcula-
tions are done in a whole space.

The material behavior is linearly elastic except in
the vicinity of the fault plane where plastic yielding is
permitted. Including this rather elementary form of inelastic
material behavior represents an important first step toward

developing realistic models for the true physics of earth-
quake faulting.

Two full calculations were carried out and the results

will be described in this section. For both calculations the
material properties and geometry are close to those inferred
for the Pocatello Valley earthquake in the previous section.
The difference between the two is that the elastoplastic be-
havior near the fault plane was allowed in one case and not
in the other.
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In this section we describe the finite difference

modeling in detail and present the results as they apply to
earthquakes in general. 1In later sections we will relate
these results to the Pocatello Valley earthquake and discuss
the implications for western U.S. earthquakes in more general
terms.

Section 3.2 describes the problem formulation, and
Section 3.3 gives the fault and material parameters employed
in the two finite difference calculations. In Section 3.4,
we discuss methods for continuing the numerical solutions to
distances beyond the calculational mesh. . In Section 3.5, we
compare our numerical solution for the purely elastic case to
available analytical and numerical results for similar prob-
lems, in order to verify the accuracy of the numerical method.
Section 3.6 presents the results for the near source stress
and velocity fields for both finite difference calculations. ‘
The far-field radiation for both calculations is discussed in
Section 3.7.

3.2 PROBLEM FORMULATION

We treat faulting as a propagating stress relaxation
due to shear failure on a planar surface. Ideally, we would
like to specify the relevant physical properties of the medium
and it. initial conditions, and allow a mathematical model of
failure to determine the subsequent evolution of the fault
plane. However, this study does not address the physical
mechanism of failure. Instead, we prescribe the propagation
of the fault surface. Boundary conditions on the fault sur-
face are governed by a simple Coulomb friction law.

We will specify: (i) the initial state of the medium
and its constitutive properties, (ii) the evolution of the
fault plane, and (iii) the boundary conditions to be satis-
fied on the fault plane. The mathematical model of faulting

N -
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is then solved using a three-dimensional finite difference
method (Cherry, 1977).

3.2.1 1Initial Conditions and Constitutive Properties

For time t less than zero we assume that an equilib-
rium state of stress exists, with displacement and velocity
everywhere zero. The equilibrium configuration is such that
the prospective fault plane experiences a shear stress O
and a compressional normal stress oN°

Average stress changes associated with faulting are
modest -- on the order of a few hundred bars. Furthermore,
faulting represents a relaxation of stress, except near the
fault edges. Linear elasticity is thus probably an adequate
model of material behavior outside the immediate zone of
faulting. However, large strains do occur at the edges
of the fault ahead of the rupture. Some model of rock strength
must be incorporated to prevent large stress concentrations

from accruing immediately ahead of the fault.

For this study, a simple model of plastic yield was
utilized in the region adjacent to the fault. The plastic
flow model is as described in Cherry, et al. (1976). If g'
is the deviatoric stress tensor, calculated assuming that the
strain rate is elastic, then the actual stress deviator g'
is given by

2
(' X for J, > %— ’
¢3J2
g'= < (3)
2
~ Y
g' for J2 =3~

where J2 is the second deviatoric invariant defined by
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" and Y is a material constant representing yield strength. The
stress adjustment described by Equation (3) is permitted only

within a specified zone near the fault. Elsewhere, linear
elasticity is presumed to hold.

3.2.2 Evolution of the Fault Plane

For this study, we specify the geometry of the fault
surface as a function of time, rather than deriving the fault
surface from the model as a consequence of a failure mechanism.
This is viewed as a first step toward more fully deterministic _
calculations. |

The rupture surface is assumed to be planar, to nucle-
ate from a point, and to expand symmetrically at a constant
prescribed rupture velocity (VR), until it reaches prescribed
boundaries. I(t) denotes the fault surface. If r and 6 are
poiar coordinates in the fault plane, with r being the hypo-
central distance, and if the edge of I (») is defined by the
curve

r = B(6),
then L 't) consists of all points r, 6 such that

r < min [VRt,B(e)] H(t) .

Two significant features of this model of rupture are
(i) the rupture velocity accelerates instantaneously to its
final velocity, and (ii) the rupture advance terminates
abruptly, i.e., the rupture velocity decelerates instanta-
neously to zero at some prescribed boundary. The former as-
sumption may be quite reasonable. There is both theoretical
(Cherry, et al., 1976; Das and Aki, 1977) and experimental
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(Archuleta and Brune, 1975) evidence that ruptures accelerate
rapidly to their terminal velocity, with the rupture velocity
essentially constant over most of the fault. The latter as-
sumption, that stopping of the rupture is abrupt, is probably
an unrealistic model for many earthquakes. For example, Bache
and Barker (1977) infer a fault model for the San Fernando
‘earthquake in which the rupture velocity decelerates smoothly

to zero. On the other hand, if the rupture termination is
controlled by a fracture energy barrier, abrupt stopping may
be appropriate (Husseini, et al., 1975).

3.2.3 Boundary Conditions on the Fault

On I(t) we permit a tangential displacement discon-
tinuity s(x,t), and require continuity of the normal displace-

ment:
s(x,t) = lim [u(x + efd) - u(x - en)], x on I,
e>0 (4)
n*+s=0,

with € > 0. The n is a unit vector normal to I and u is the
displacement vector. We also require continuity of traction.

The tangential traction on I is assumed to obey a
simple Coulomb friction law. Let 1 denote the tangential

traction vector, defined in terms of the stress tensor g by
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